ALKBH1 was recently discovered as a demethylase for DNA N 6 -methyladenine (N6-mA), a new epigenetic modification, and interacts with the core transcriptional pluripotency network of embryonic stem cells. However, the role of ALKBH1 and DNA N6-mA in regulating osteogenic differentiation is largely unknown.
INTRODUCTION
Stem cells are characterized by two features: the ability to differentiate into multiple cell types and the ability to selfrenew. [1] [2] Mesenchymal stem cells (MSCs) are one type of postnatal stem cell with a pluripotent differentiation potential that is broader than originally envisioned or perhaps as broad as that of embryonic stem cells. 2 MSCs have the ability to differentiate into different mesenchymal lineages, such as osteoblasts, chondrocytes, adipocytes, fibroblasts, and adventitial reticular cells. 3 Consequently, MSCs can be seen as bona fide cells for all tissues in which they induce osteoprogenitors and then transform into osteoblasts,which are crucial for the mineralization of the extracellular matrix (ECM) of bone. [4] [5] [6] The osteogenic differentiation of MSCs is regulated by multiple mechanisms, such as key transcription factors, including runt-related transcription factor 2 and Osterix, 2, 5, 7 as well as other hormones. 1, [8] [9] [10] In addition, epigenetic regulations have an important role in mammalian biology [11] [12] and regulate tissue-specific gene expression. [13] [14] Recently, DNA methylation, which is an epigenetic regulation, was found to have a pivotal role in stem cell differentiation. 15 DNA methylation occurs on the fifth position of cytosine (5mC). 16 DNA cytosines experience a series of modifications performed by a variety of enzymes, including DNA methyltransferases, 17 which add a methyl group on the fifth position of cytosine to form 5mC; TET family dioxygenases (TET1, TET2, and TET3), [18] [19] which then oxidize the methyl group to create 5-hydroxymethylcytosine; 20 and 5-formylcytosine and 5-carboxyl cytosine, which complete the cycle. 21 The epigenetic activation of bone-specific genes mediated by promoter demethylation typically occurs when MSCs differentiate into osteoblasts, 22 and the inhibition of stem-cell-specific genes by promoter methylation is a crucial epigenetic mechanism during stem cell differentiation. 23 Very recently, the methylation of N 6 -methyladenine (N6-mA) has been reported as another DNA methylation event, and ALKBH1 was discovered as a demethylase for DNA N6-mA. 11, 24 ALKBH1, a member of the AlkB family, is a 2-oxoglutarate and Fe
2+
-dependent hydroxylase. [25] [26] ALKBH1 has an important role in epigenetic regulation by accommodating the expression of pluripotency markers and genes related to neural differentiation during embryogenesis. 27 ALKBH1 is involved in fine-tuning the level of a core transcriptional network and regulating the developmental regulatory microRNAs involved in pluripotency and differentiation. 21 Most of the Alkbh1 −/− mice died during embryogenesis, and survivors exhibit tissue developmental defects, including prolonging the expression of pluripotency markers, 28 and multiple defects in eyes, craniofacial, sternum, and limb skeleton, 26 which suggests that ALKBH1 is indispensable for stem differentiation and development. However, the role of ALKBH1 and DNA N6-mA in regulating osteogenic differentiation is largely unknown.
In this study, we demonstrated that the depletion or overexpression of ALKBH1 in human MSCs regulates the levels of genomic DNA N6-mA and significantly affects osteogenic differentiation and bone formation. Mechanically, we found that the depletion of ALKBH1 results in the accumulation of N6-mA on the promoter region of activating transcription factor 4 (ATF4), which subsequently silences ATF4 transcription. 
MATERIALS AND METHODS
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The membranes were blocked with 5% milk for 1 h and then incubated with anti-ALKBH1 (Millipore, Billerica, MA, USA, 1:1 000), anti-ATF4 (Abcam, Cambridge, MA, USA, 1:1 000) or anti-α-Tubulin (Sigma, 1:5 000) overnight followed by a horseradish peroxidase-conjugated anti-rabbit or antimouse IgG (Jackson ImmunoResearch, West Grove, PA, USA). The antibody-antigen complexes were visualized with SuperSignal reagents (Pierce, Rockford, IL, USA).
Dot blot
Genomic DNA was isolated using a PureLink Genomic DNA kit (Invitrogen) and then denatured at 95°C for 10 min in 0.4 mol·L − 1 NaOH and 10 mmol·L − 1 EDTA buffer. Samples were spotted on the membrane (Zeta-Probe, Bio-Rad, Hercules, CA, USA) using a Dot-Blot microfiltration apparatus (Bio-Rad) and baked at 80°C for 30 min. Membranes were blocked in blocking buffer (5% milk in PBST) for 1 h at room temperature and incubated with N6-mA antibody (202-003, Synaptic Systems, Goettingen, Germany, 1:2 000) overnight at 4°C. After three washes, membranes were incubated with horseradish peroxidase-linked secondary anti-rabbit IgG (Jackson ImmunoResearch). The antibodyantigen complexes were visualized with SuperSignal reagents (Pierce). To ensure an equal amount of DNA was spotted, the same membrane was stained with 0.02% methylene blue in 0. 
RESULTS
ALKBH1 is upregulated during osteogenic differentiation
We first evaluated the expression profile of ALKBH1 in human MSCs during osteogenic differentiation. As determined by real-time RT-PCR, the ALKBH1 messenger RNA levels were significantly upregulated in response to osteogenic induction (Figure 1a ). This observation was also confirmed by western blot analysis (Figure 1b) . These results suggest that ALKBH1 may have a role in the osteogenic differentiation of MSCs.
Depletion of ALKBH1 inhibits osteogenic differentiation in vitro
To investigate the role of ALKBH1 in osteogenic differentiation, we knocked down ALKBH1 in human MSCs. The knockdown efficiency was confirmed by RT-PCR and western blot (Figure 2a and b) . Given that ALKBH1 was recently discovered as a demethylase for DNA N6-mA, we evaluated the modification of N6-mA using a DNA dot blot assay. As shown in Figure 2c , depletion of ALKBH1 markedly increased N6-mA levels in whole genomic DNA of MSCs. After osteogenic induction for 7 days, we found that the small interfere RNA-mediated depletion of ALKBH1 Bone Research (2016) 16033 ALKBH1 enhances osteogenic differentiation C Zhou et alsignificantly reduced ALP activity, which is an early marker of osteoblastic differentiation (Figure 2d and e) . We also assessed ECM mineralization by Alizarin red S staining. As shown in Figure 2f and g, the mineralization was significantly decreased after ALKBH1 depletion. In addition, the knockdown of ALKBH1 inhibited the expression of osteogenic-related genes, such as RUNX2, Osterix (SP7), and Osteocalcin (GBLAP) (Figure 2h-j) . 
Depletion of ALKBH1 inhibits bone formation in vivo
To verify our in vitro findings, we examined whether the knockdown of ALKBH1 affected MSC-mediated bone formation in vivo. To this end, we generated the stable knockdown MSCs using lentiviruses expressing shRNA and implanted them with β-TCP carriers into immunocompromised mice subcutaneously. RT-PCR and western blot analysis showed that 485% of the ALKBH1 was depleted in MSCs expressing ALKBH1 shRNA (shALKBH1) compared with those expressing scrambled shRNA (shScram). The N6-mA levels in whole genomic DNA were increased. Notably, hematoxylin and eosin staining showed that ALKBH1-depleted cells formed less bone tissues (Figure 3d ) than did the shScram cells. Quantitative measurement of mineralized tissue areas revealed a 440% decrease in bone formation (Figure 3e ).
Overexpression of ALKBH1 enhances osteoblastic differentiation of MSCs
To investigate the effects of ectopic overexpression of ALKBH1on osteoblastic differentiation, human MSCs were stably transduced with lentiviruses expressing ALKBH1 (Figure 4a and b) . As expected, ALKBH1 overexpression decreased the N6-mA levels in whole genomic DNA (Figure 4c ). In addition, ALP activity and cell mineralization of MSCs were enhanced by the overexpression of ALKBH1 (Figure 4d-g ). RT-PCR showed that the expression of osteogenic-related genes, such as RUNX2, SP7, and GBLAP, was significantly elevated after osteogenic induction for 7 days (Figure 4h-j) .
Depletion of ALKBH1 impairs ATF4 transcription ATF4 is a transcription factor that has a pivotal role in osteogenesis along with RUNX2 and Osterix. Interestingly, we found that the depletion of ALKBH1 in MSCs significantly reduced the ATF4 messenger RNA and protein levels after osteogenic reduction for 7 days (Figure 5a and b) . More importantly, chromatin immunoprecipitation assays demonstrated that ALKBH1 binds to the promoter region of ATF4 (Figure 5c ). Knockdown of ALKBH1 restricted this binding (Figure 5c ) and increased the abundance of N6-mA on the promoter (Figure 5d ), which led to transcription silencing. These findings indicated that ALKBH1 may regulate the osteoblastic differentiation of MSCs by removing the N6-mA modifications on ATF4.
ATF4 overexpression rescues the phenotypes
To further elucidate the mechanism, we performed rescue experiments by overexpressing ATF4 or control GFP in stable ALKBH1-depleted MSCs using adenoviruses. The successful transduction was confirmed by RT-PCR and western blot (Figure 6a and b) . Ectopic ATF4 expression significantly increased the expression of SP7, a master transcription factor for osteogenic differentiation (Figure 6c ). In addition, 
DISCUSSION
MSCs have garnered attention owing to their potential for osteogenic differentiation and regeneration therapy. [36] [37] [38] Exploring the mechanism of MSC lineage specification and differentiation offers a brand-new perspective for clinical applications. 39 In the present study, we found that the expression of ALKBH1 is upregulated during osteogenic differentiation in vivo. The depletion of ALKBH1 markedly increased the N6-mA levels and significantly reduced the expression of osteogenic-related genes, ALP activity, and ECM mineralization. By contrast, the ectopic overexpression of ALKBH1 enhanced the osteoblastic differentiation of MSCs. Mechanically, we found that ALKBH1 may regulate osteoblastic differentiation by removing N6-mA modifications on ATF4.
Previous studies have shown that ALKBH1, which was identified as a DNA demethylase for N6-mA in Embryonic stem cells, has a crucial function in early development by regulating genes that are involved in differentiation and pluripotency. [25] [26] In our study, ALKBH1 depletion inhibits bone formation both in vivo and in vitro. We further noticed an increase in N6-mA and reduction in osteogenic-related genes and indexes. Ougland et al. reported that ALKBH1 interacts with several core transcriptional factors, such as OCT4, SOX2, and NANOG, to maintain the pluripotency of Embryonic stem cell. 25, [40] [41] Moreover, ALKBH1 may regulate microRNAs that are associated with the differentiation of neuronal cells. 21 In contrast, mice lacking ALKBH1 display defects of small or missing eyes, especially in the right eye, and multiple defects in the craniofacial, sternum, and limb skeleton. 26 Together with the findings on ALKBH1
by Nordstrand et al., these data indicate that Alkbh1 −/− mice exhibited an incomplete condensation of mesenchymal cells during ossification, which is consistent with our hypothesis. Recently, ALKBH1 was discovered as a demethylase for DNA N6-mA, thus offering a new perspective for DNA methylation. However, there is wide acceptance that the DNA methylation always occurs on the C5 position of cytosine residues in CpG sites in DNA. 20, 42 Fu et al. ALKBH1 enhances osteogenic differentiation C Zhou et alsilencing and that most of these genes are developmental factors and lineage-specifying genes. 11 Intriguingly, these genes are most markedly enriched on the X chromosome and Chr13, indicating that the increase in N6-mA inhibits the transcription on X chromosome, especially on young full-length LINE-1 transposons (L1 elements). 11 Taken together, these data indicate that accumulation of N6-mA at L1 elements is related to the inhibition of nearby gene. Thus, N6-mA modifications have a great influence on the activation of differentiation genes. It would be interesting to explore the relationship between ALKBH1 and N6-mA, and the mechanisms that affect osteogenic differentiation and bone formation. Our result indicated an inverse correlation between ALKBH1 and N6-mA. In addition, the depletion of ALKBH1 in vivo leads to less bone tissue and decreased bone formation. However, fewer papers on DNA demethylases have been published compared with RNA demethylases, which needs further exploration.
In this study, we demonstrated that ALKBH1 binds to the promoter region of ATF4. The lack of ALKBH1 restricted this binding and increased N6-mA in this region, which led to transcription silencing. Our outcome suggested that ALKBH1 removes the N6-mA on ATF4 to regulate the osteogenic differentiation of human MSCs. ATF4, an osteoblast-enriched transcriptional factor of the CREB family, is indispensable for the latest phases of osteogenic differentiation, 43 bone formation, and mineralization of the ECM. 44 Previous studies have demonstrated that ATF4 promotes differentiation by upregulating the expression of osteoblast-specific genes, such as RANKL, and by promoting the synthesis of type I collagen, which is a main component of the ECM. 5, 44 These two distinct mechanisms are both dependent on the phosphorylation by RSK2. 45 Taken together, these data suggested that ALKBH1 enhances osteogenic differentiation by interacting with ATF4. It needs to be noted that our findings are based on the in vitro experiments. Further in vivo studies are expected.
Given that Alkbh1
−/− in mice leads to embryonic and postnatal lethality, 26 a tissue-specific mouse model is desired to further elucidate the role of ALKBH1 and DNA N6-mA in regulating osteogenic differentiation. Collectively, we demonstrated that ALKBH1 enhances osteogenic differentiation by removing the N6-mA modifications on ATF4. Our results indicate that N6-mA modifications area mechanism for epigenetic regulation of osteogenic differentiation.
